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Limited proteolysis has been used to study the influence of actin, in the absence ar presence of regulatory 
proteins of the thin filament (tropomyosin and troponin), as well as that of the myofibrillar structure on 
the tryptic cleavage of the heavy meromyosin (HMM)/l~ght meromyosin (LMM) hinge region in myosin 
heavy chain. Cleavage at the HMM~LMM hinge is dmost absent in myofibrib, whereas this hinge is accessi- 
ble to tryptic digestion in actomyosin, in native thin @aments attached to myosin and in myosin heavy chain 
aione, This observation indicates that it is the myofibriltar structure which profoundly affects the tryptic 
accessibility of this specific hinge region of myosin. This provides a good example of the manner by which 
a highly organized supramolecular structure might affect t.he chemical properties of a specific site in a 
macromolecule. 
Myosin hinge region Tryptic proteolysis 
1. INTRODUCTION 
Limited pruteofysis has been widely used as a 
tool in the study of myosin structure and myosin- 
actin interaction. There are two hinge regions in 
myosin: one between the heads and the rod 
(S-l/S-2 junction) and the other in the rod 
~HMM~LMM jun~tjon~. Cleavage at both hinges 
can be performed with a number of proteolytic en- 
zymes and is known to depend on the concentra- 
tion of divalent cations and ionic strength [l-3], 
The heavy chain of S-l can be further cleaved by 
trypsin to 3 fragments, whose molecular masses 
are as foBows: 25, 50 and 20 kDa, starting from 
* To whom correspondence should be addressed 
Abbreviations: DTT, 1 ,Cdithiothreitol; HMM, heavy 
meromyosin; 1,5-IAEDANS, S-iodoacetam~do~tby~- 
~inona~hthalene-~-su~fon~c acid; LMMII, light mero- 
myosin; S-f, heavy meromyosin subfragment-1; 5-2, 
heavy meromyosin subfragment- 
the NH2 terminus [4,5], There is mounting 
evidence that these fragments are distinct domains 
of S-l [G-g]. The cut between the 50 and 20 kDa 
domains (75 kDa from the NH2 terminus) is 
blocked in the presence of actin [S]. A similar 
result, i.e. the blocking of the tryptic cut at a site 
75 kDa from the NH2 terminus of myosin heavy 
chain, has been obtained with myofibrils in rigor, 
that is when the myosin heads are tightly attached 
to actin [9-f I], whereas in relaxation, when the 
myosin heads are detached from actin, the above 
site is exposed to mild tryptic attack, Recently, we 
have studied the limited tryptic digestion of myosin 
in myofibrifs under rigor conditions and compared 
it to the digestion of isolated myosin. One of the 
main differences was that the cleavage at the 
HMM/LMM hinge in the rod segment of myosin 
was reduced in myofibrils relative to isolated 
myosin. It seemed to us of interest to study this 
question in greater detail, in particular because of 
the significance of the HMM~LMM hinge region 
in the molecular mechanism of contraction, as 
328 
Published by Elsevier Science Publishers B. V. (Biomedud Division) 
00145793/86/$3.SO 0 1986 Federation af European Biochemical Societies 
Volume 197, number I,2 FEBS LETTERS March 1986 
assumed by Harrington and his co-workers 
[ 12,22,23]. Here, we studied the effects of actin, of 
the regulatory proteins of the thin filament 
(tropomyosin and troponin), as well as those of the 
myofibrillar structure on the tryptic cleavage of the 
HMM/LMM hinge region. Our results indicate 
that it is the myofibrillar structure which pro- 
foundly affects the tryptic accessibility of this 
specific hinge region of myosin. This provides an 
excellent example of the manner by which a highly 
organized supramolecular structure might affect 
the chemical properties of a specific site in a 
macromolecule. 
described by Spudich and Watt [ 151. Myosin was 
mixed with F-actin or native thin filaments at a 
molar ratio myosin:actin of 1:2 in rigor buffer. 
2.3. Fluorescent labeling of myosin with 
Z,5-ZAEDANS 
Myosin (30 mg/ml) in 0.6 M KCI-3 mM 
NaH2POd (pH 7.0) was reacted in the dark with a 
IO-fold molar excess of 1,5-IAEDANS for 1 h at 
0°C [16]. Unreacted 1,5-IAEDANS was quenched 
by the addition of 10 mM DTT and then removed 
by dialysis. 
2.4. Tryptic digestions 
2. MATERIALS AND METHODS 
2.1. Materials 
cy-Chymotrypsin, trypsin, soybean trypsin in- 
hibitor and 1,5-IAEDANS were purchased from 
Sigma. All other chemicals were of analytical 
grade. Water was glass double-distilled. 
All digestions were carried out at 25°C. 
Myofibril concentration was fixed at 2 mg/ml. 
Tryptic digestions were carried out at a ratio of 
trypsin to total myofibrillar protein of 1: 40 (w/w). 
Digestions were terminated by the addition of a 
3-fold excess of soybean trypsin inhibitor over 
trypsin (w/w). 
2.2. Preparation of myofibriis and proteins 2.5. Quantitative SDS gel electrophoresis 
Myofibrils were prepared from glycerinated 
fibers of rabbit psoas muscle as described [3], ex- 
cept that they were finally suspended in rigor solu- 
tion containing 80 mM KCl, 10 mM Na-phosphate 
buffer, pH 7.0, 2 mM EGTA, 5 mM MgClz. The 
protein concentrations of myofibrillar suspensions 
were determined by the biuret method. Myofibrils 
were digested on the day of preparation to avoid 
proteolysis by endogenous proteases. Myosin was 
prepared according to Tonomura et al. [13]. 
Native thin filaments were prepared by the method 
of Knight and Love11 [14]. Actin was prepared as 
Polyacrylamide gel electrophoresis in the 
presence of SDS was carried out according to 
Laemmli [17] using a gradient resolving gel 
(5-15% acrylamide). The distribution of 
fluorescence among the 1,5-IAEDANS-labeled 
proteins was monitored by photographing the gels 
under UV illumination. The same gels were 
thereafter stained with Coomassie brilliant blue R. 
The molecular masses of the proteolytic fragments 
were determined using the Pharmacia calibration 
kit markers: phosphorylase b (94 kDa), bovine 
serum albumin (67 kDa), ovalbumin (43 kDa), 
HMM LMM 
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Fig. 1. Linear representation f the myosin heavy chain and tryptic fragments obtained under various conditions. The 
drawing indicates the origin, the alignment in the heavy chain and the molecular mass (in kDa) of each peptide fragment 
mentioned in the text. 
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Fig.2. SDS-polyacrylamide gel electrophoretic patterns of tryptic digests of myosin (a,b) and myofibrils (c,d) in rigor 
at 25°C as a function of time. Panels: (a,c) Coomassie blue-stained protein bands, (b,d) fluorescence of the 
1,5-IAEDANS-labeled protein bands. The molecular masses of the marker proteins are shown on the left of panel a. 
The positions of actin, of the heavy chain of myosin and of its tryptic fragments are shown on the right of panel c and 
some of them on the right of panel d. Digestion times (in min) are indicated under each lane-of panels b and d. The 
corresponding lanes in panels a and c are somewhat off-position, due to gel swelling under the conditions of staining. 
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carbonic anhydrase (30 kDa), soybean trypsin in- 
hibitor (20.1 kDa) and &actalbumin (14.4 kDa). 
The intrinsic markers were: myosin heavy chain 
(220 kDa) and actin (42 kDa). 
3. RESULTS 
3.1. Comparison of the digestion 
myosin with that of myofibrils 
A schematic representation of 
of purified 
the tryptic 
fragments of myosin observed in this work is 
shown in fig-l. Tryptic digestion of myosin under 
the conditions of rigor resulted in the formation of 
the 160 and 75 kDa fragments (fig.2a). Within 
2 min all the myosin heavy chain had been degrad- 
ed to produce these fragments. The 75 kDa frag- 
ment was readily further degraded to 50 and 
25 kDa fragments. The digestion of the 160 kDa 
fragment was much slower and produced 
fragments with molecular masses of 80 and 
62 kDa. To identify the fragments we specifically 
labeled the SHi group of the myosin heavy chain 
with a fluorescent dye, 1,5-IAEDANS. This SHr 
group is localized on the 20 kDa fragment of the 
myosin heavy chain. In fig.2b the tryptic digestion 
of myosin (same as shown in fig.2a) was followed 
on the basis of the change in the fluorescence pat- 
tern of the labeling dye. It is clearly seen that the 
dye was incorporated into the 160 and 62 kDa 
fragments, which indicates that both contained the 
20 kDa fragment. The digestion of myosin can be 
represented as follows (in all schemes the asterisk 
indicates the fragment which is labeled with the 
fluorescent 1,5-IAEDANS). 
160* kDa 
80 kDa (LMM) 
/ 







For comparison fig.2c and d shows the elec- 
trophoretic pattern of the tryptic digestion of 
myofibrils at full overlap: it is clear that myosin 
heavy chain was rapidly digested to the 200 and 
25 kDa fragments. The following (scheme 2) 
represents the tryptic digestion of myosin in 
myofibrils. 
2OO* kDa 
220* kDa Y 
\zS kDa 
Scheme 2 
The fact that the pattern did not essentially 
change after a 10 min digestion indicates that the 
fragments formed were rather resistant o further 
tryptic attack. It seems that both sites, at 75 kDa 
from the N-terminus and at the HMM/LMM junc- 
tion, which were exposed to trypsin in purified 
myosin, became inaccessible in the myofibrillar 
structure. The site at 75 kDa from the N-terminus 
is known to be protected from tryptic hydrolysis by 
actin [9]. However, the effect of actin on the tryp- 
sinolysis of the HMM/LMM junction is less well 
understood. 
3.2. Effect of F-actin on the digestion of purified 
myosin 
Fig.3a and b shows the tryptic digestion of ac- 
tomyosin obtained when purified F-actin was add- 
ed to purified myosin in a 2: 1 molar ratio under 
rigor conditions. It is quite obvious that actin in- 
hibited the cleavage at the 751160 kDa site in both 
actomyosin (fig.3a) and myofibrils (fig.2c), and 
resulted in the formation of the 200 kDa fragment. 
However, the latter fragment was further cleaved 
into 110 kDa (HMM) and 80 kDa (LMM) peptides 
in actomyosin, whereas it remained resistant to 
tryptic attack in myofibrils. It became clear from 
the comparison of the tryptic digestion of ac- 
tomyosin with that of myosin (figs 3a and 2a), that 
actin did not inhibit the cleavage at the 
HMM/LMM hinge, but even accelerated it (the 
200 kDa fragment disappeared faster from the 
electrophoretic pattern of actomyosin than the 
160 kDa fragment from that of myosin). The 
110 kDa fragment formed during the actomyosin 
digestion was not very stable and it was slowly fur- 
ther degraded to the 50 and 62 kDa peptides. The 
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Fig.3. SDS-polyacrylamide gel electrophoretic patterns to tryptic digests of actomyosin (a,b) and native thin filaments 
(c,d) added to myosin in rigor at 25°C as a function of time. Panels: (a,c) Coomassie blue-stained protein bands, (b,d) 
fluorescence of the 1,5-IAEDANS-labeled protein bands, The molecular masses of the marker proteins are shown on 
the left of panel c. The positions of actin, of the heavy chain of myosin and of its tryptic fragments are shown on the 
right of panel a and some of them on the right of panel b. Digestion times (in min) are indicated under each lane of 
panels b and d. The corresponding lanes in panels a and c are somewhat off-position, due to gel swelling under the 
conditions of staining. 
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latter is composed of the C-terminal 20 kDa frag- 
ment of S-l and of S-2. 
The digestion pattern of actomyosin is il- 

















3.3. Effect of native thin filaments on the 
digestion of purified myosin 
The aforementioned results clearly indicate that 
the protection of the HMM/LMM hinge from 
tryptic cleavage in myofibrils is not due to the at- 
tachment of actin to myosin in rigor. To test 
another possibility, namely that this protection 
could be due to the presence of the regulatory pro- 
teins troponin and tropomyosin in myofibrils, 
purified myosin was attached to isolated native 
thin filaments, which, in addition to actin, also 
contain troponin and tropomyosin. Fig.3c and d 
shows the tryptic digestion of myosin attached to 
native thin filaments under rigor conditions. The 
digestion pattern of myosin attached to native thin 
filaments is practically indistinguishable from that 
of ‘synthetic’ actomyosin (fig.3a). Thus, it seems 
that the protection of the HMM/LMM hinge of 
the myosin rod from proteolysis in myofibrils is 
not caused by the attachment of myosin to actin in 
the absence or presence of regulatory proteins. 
4. DISCUSSION 
On the basis of the above findings one can ten- 
tatively conclude that the protection of the 
HMM/LMM hinge is due to the highly ordered 
close ‘packing’ of myodin-containing thick 
filaments, and actin- and regulatory protein- 
containing thin filaments in the myofibrillar struc- 
ture. This close packing does not prevent trypsin 
entering into the myofibril and reacting with 
myosin, as demonstrated by the rapid cleavage at 
the 25 kDa site from the NH2 terminus of myosin 
which also takes place in myofibrils. It seems that, 
while the packing of proteins in the myofibrillar 
structure does not influence the proteolysis of the 
myosin head, it has a profound effect on the 
cleavage of the rod which becomes less accessible 
due to its location in the backbone of the thick fila- 
ment. The LMM segment of the myosin rod is per- 
manently located in the filament backbone; 
however, the S-2 segment which goes from the 
HMM/LMM hinge to the head (fig.1) can be at- 
tached or detached from the backbone depending 
on the ambient conditions such as pH and 
temperature [ 18-201. According to Ueno and Har- 
rington [21] the HMM/LMM hinge region is ex- 
posed to proteases only when it is detached from 
the filament backbone. Under the conditions of 
our experiments (rigor, pH 7.0 and 25’C) the S-2 
segment seems therefore to be closely attached to 
the backbone of the thick filament in the intact 
myofibrils. 
In conclusion, the present results bear on the 
dependence of the chemical properties of a 
macromolecule on the supramolecular structure 
and this dependence should be taken into account 
when in vitro results are extrapolated to explain 










Balint, M., Shaefer, A., Biro, N.A., Menczel, L. 
and Fejer, E. (1971) Physiol. Chem. Phys. 3, 
455-466. 
Weeds, A.G. and Pope, B. (1977) J. Mol. Biol. 
111, 129-157. 
Borejdo, J. and Werber, M.M. (1982) Biochemistry 
21, 549-555. 
Balint, M., Wolf, L., Tarcsafalvi, A., Gergely, J. 
and Sreter, F.A. (1978) Arch. Biochem. Biophys. 
190, 793-799. 
Mornet, D., Pantel, P., Audemard, E. and Kassab, 
R. (1979) Biochem. Biophys. Res. Commun. 89, 
925-932. 
Mornet, D., Bertrand, R., Pantel, P., Audemard, 
E. and Kassab, R. (1981) Nature 292, 301-306. 
Applegate, D. and Reisler, E. (1983) Proc. Natl. 
Acad. Sci. USA 80, 7109-7112. 
333 
Volume 197, number 1,2 FEBS LETTERS March 1986 
[8] Muhlrad, A. and Morales, M.F. (1984) Proc. Natl. 
Acad. Sci. USA 81, 1003-1007. 
[9] Lovell, S.J. and Harrington, W.F. (1981) J. Mol. 
Biol. 149, 659-674. 
[lo] Chen, T. and Reisler, E. (1984) Biochemistry 23, 
2400-2407. 
[ll] Assulin, O., Borejdo, J. and Flynn, C. (1985) J. 
Muscle Res. Cell Motility, in press. 
[12] Tsong, T.Y., Karr, T. and Harrington, W.F. (1979) 
Proc. Natl. Acad. Sci. USA 76, 1109-1113. 
[ 131 Tonomura, Y., Appel, P. and Morales, M.F. 
(1966) Biochemistry 5, 515-521. 
[14] Knight, P. and Lovell, S.J. (1982) Methods 
Enzymol. 85, 12-15. 
[15] Spudich, J.A. and Watt, S. (1971) J. Biol. Chem. 
24, 4866-487 1. 
[16] Duke, J., Takashi, R., Ue, K. and Morales, M.F. 
(1976) Proc. Natl. Acad. Sci. USA 73, 302-306. 
[17] Laemmli, U.K. (1970) Nature 227, 680-685. 
[18] Ueno, H. and Harrington, W.F. (1981) J. Mol. 
Biol. 149, 619-640. 
[19] Reisler, E., Liu, J. and Cheung, P. (1983) 
Biochemistry 22, 4954-4960. 
[20] Reisler, E. and Liu, J. (1982) J. Mol. Biol. 157, 
659-669. 
[21] Ueno, H. and Harrington, W.F. (1981) Proc. Natl. 
Acad. Sci. USA 78, 6101-6105. 
[22] Harrington, W.F. (1971) Proc. Natl. Acad. Sci. 
USA 68, 685-689. 
[23) Harrington, W.F. (1979) Proc. Natl. Acad. Sci. 
USA 76, 5066-5070. 
334 
